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SECTION I

INTRODUCTION

This report describes research which was directed at the

development of an orthotropic plate finite element for the

analysis of plate an2 shell-like structures which exhibit

coupling between extension and bending. The element is

especially useful in the analysis of structures which are

fabricated fro, .a-, nated composite materials. The report is

w,;ritten so that it would cescribe, for the finite element

expert, the analytical techniques utilized in the development

of the element ano also would be of use to a program "user"

not having the overall expertise of an expert.

The notacion and the methods used for the definition of

element material properties have been chosen as a result of

a careful survey of the literature on composite materials.

The notation and definitions chosen are considered to be in-

dustry standarG and are best summarized in reference 3, which

is rapidly becoming a standard text for the analysis of com-

posite materials.
(i)

An industry standard computer program SAP IV was

selected as host program to accept the new composite plate

finite element. The SAP IV Finite Element Computer Program

was designed to easily accept new elements into its element

library. The new element muot be self contained since the

general philosophy and program structure is "overlayed" into

the computer. The laminate composite plate element is the new

element to be integrated into the element library. Called

TYPE 9, the new eloment is similar to the SAP element TYPE 6

in both description and input. The main difference is that

element TYPE 9 has the ability to describe the effects of

coupling between in-plane extension and out-of-plane bending.

Element TYPE 9 is a quadrilateral element and is formulated

from quadrilateral shape functions rather than from four

triangles as in TYPE 6. Also, TYPE 9 allows material directions



to be arbitrary for ease of material input descriptions. The

element is modelled after the structure of element TYPE 6;

therefore element TYPE 9 can degenerate to element TYPE 6.

2



SECTION II

LAMINATE COMPOSITE FLA' PLATE ELEMENT

Thc laminate composite flat plate element is based on -nin

nlate theory with the exclusion o: transver 2 :he ir deforma-

rions. nc following sections describe the basic :)rmulation

of tht finite element.

ELEMENT PENTIAL ENERGY FUNCTIONAL

The principle of minimum potential energy furnishes a

variational basis for the direct rormulation of the element

stiffness equations and loading functions. The potential

energy of the element is formed from the sum of strain energy

(U) and the potential of all applied loads (V ); i.e.,

p

U + V (I)
P P p

The principle can bc statec as follows: Among all the displace-

crent ounciions of ndmiss.ble form, those that satisfy the

element equilibrium conditions make the potential energy func-

tional obtain a stationary value. Thus,

6 6U + 6V o ()

where 6 is tfle :irst variationdi operator.

iC can be shown that

6i f o dV (3)

where o is d vector of stresL components,

E the corresponding vector of strain components and

V the volume of the element.

Note: All vectors will be underscored with a straight bar and

matrices will be underscored with a tilda. The super-

script T of the vectors and matrices designates the

matrix is transposed.



-he cori-esponding first variation of the potential forces

becomes

SVp -f bT 6u dV -f T 6u dS (4)

V S

where b represents the element body forces,

-.s a vector ot surface tractions applied on

surface S, and

u is a vector of element displacements.

Xcte that the surface traction integral can be used to include

the point concentrated forces on the boundaries of the element.

The elements of the strain potentials of equation (3) will

eventually lead to the element stiffness and initial load vec-

-tocrs and the elements of the applied load potential of equation

&4) will oroduce the various element vectors.

2. QUADRILATERAL SHAPE FUNCTIONS

The element formulation is a geometrically linear quadri-

lateral containing the four corner nodes as shown in FIGURE 1.

r

M,,

FIGURE I - Quadrilateral Element Geometry

a. Geometric Shape Functions

The element shown in FIGURE 1 is described in the local

coordinate of the element and all material reference is made

with respect to the element local x axis. The element area

domain can be described by using a polynomial as

4



x T _ (5)

X T
y T

where x and y dre the local coordinates as in the element

domain,

m

Li, r, s, rsJ (6

the ro4 vector of polynomial coefficients , a vector of

generalized coefficients, and r,s, the element natural

coordinates.

The generalized coefficients can be solved for by evaluating

the polynomials at the vertices of the element. Therefore,

x H T x (7)

HT

where HT contains the terms of the shape function of the

element; x and y are vectors containing the element ver-

tices as,

T : [x1, y2, X3 , x4 J(

L [i Y2' Y35 Y4 j

The terms of the shape function can be described by

h. (1 + r.r) (1 + s.s)

where

T
T. 1 -I , i, -i] 1J

T [i -1, 1, lI

detine the natural coordinates ot the elements.



The mapp:ng of tht element geometry and displacement functions

cLn Le obtained by defining the Jacobian transformation as

-n ~

where J is the Jacobian matrix defined as

- [ I (12)

and

(13)

(axay

are the first derivative operators in the natural and local

reference frames respectively.

iote: The "," subscript implies "partial differentiation with

respect to". The inverse transformation is obtained by

_ G in (15)

where J* is the determinant of the Jacobian matrix given as

J* X, r Ys - X, s Yr (16)

and,

6



G = i g12 = s (17)

1921 92 2j L-X s Y'rj

It will be necessary to obtain second derivates in the

local reference; therefore

2 E + 2

- n +-

represents the second partial operator in the local reference

given as

a2

ax.
2 ) 2

a (9

axay

and the natural set as

32

an a 2 (20)

3 2
as

The E matrix is defined as

22 (21)

t

I& -7



where

T T T
2ij T*2 gi 2n -j (22)

with i being the ith row partition out of the G matrix and

* 1 *
-n -n 2n(3

The F matrix is defined as

T-

fT (24)

where

T -T
!ij j* 2 i j (25)

with

1 (26)

0 gil gi2

the elements being of the G matrix.

b. In-Plane Displacement Shape Function

The plate element is assumed to have in-plane deformations;

therefore the variation of x and y displacements, u and v res-

pectively, can be expressed using the same shape functions for

the geometry as in the previous section. Then

u =HT

SH(27)

v HT5

8



are the domain displacements of the element

where su = Lu1 u2 U3 u4jT (28)
and tv v2 v v

contain the in-plane model displacements. Therefore, it is

assumed that in-plane displacements vary linearly within the

element.

c. Transverse Displacement Shape Function

The plate element defined by thin plate theory must have

a transverse shape function to allow for proper bending.

Therefore it is assumed that the shape function polynomial is

cT = lrsr 2  2,r3 2 2 s 3 3 3Ll,r,s,r2 rs's ,r s,rs ,s ,r s,rs j

(29)

The natural degrees of freedom allowed per node for bending are

T
s0i Lw w,r Ws i (30)

Letting

Go (31)

where S, is the full set of degrees of freedom in the

natural reference of the element, i is the matrix

D evaluated at the nodes and defined in reference

2 and S is the set of generalized nodal coefficints,

Then the transverse displacement w becomes

T - -T S(32)-n -
I '0 - 0 32

-1
where '-  if; the inver:;e of 4) and

ii , i l . I r',in';vt r':;' : , [p urn t i, , hothi of wtlich
- i

,t , I ll '( l r' 'l ') (' i ~ ' .9



The transverse displacement shape functions are defined in the

natural reference of the element to allow for ease of develop-

ment since second derivatives must be taken. Since a global

transformation by node is to be performed at a later stage,

the transformation by node from the natural to local coordi-

nate can be made.

3. PLATE STRAIN FUNCTIONS

The classical assumptions of linear thin plate theory are

made, essentially reducing the three-dimensional equations of

elacticity to a two-dimensional set of plane stress equations.

:or the elastic continuum of the plate, the following assump-

tions are made:

*The thickness (h) is small compared to the dimensions of

the plate in the x and y directions.

*A line element through the thickness remains normal to the

mid-plane surface under all states of deformation, inde-

pendent of its translation or rotation.

*The plate can be isotropic, orthotropic or comprised of a

number of orthotropic laminae, where each lamina obeys

Hooke's law.

*The displacements u, v, and w in the x, y, and z direc-

tions respectively, are small when compared to the plate

thickness.

*The reference axis is taken as the middle of the plate at

h/2, h being the total plate thickness.

*The normal strain in the z-direction is assumed to be

zero, giving

Ez =W,z = 0;

therefore, the lateral deflection is given by,

w : w(x,y)

10



*St. Venant's principle applies. That is, local deformation

occurs in the area of applied loads while at distances

away from the load, the deformation state is not grossly

affected.

*Transverse shear deformations are neglected;

y =Y :0
xz yz

eDisplacements are linear such that

u u 0 (x,y) - zw,x and v = v 0 X,y) - zw,y

where w,x z -0y, Wy = Ux, and u 0 and v 0 are the in-plane

displacements of the middle surface. The rotations about

the x and y axes are given by 6 and 8, respectively.

a. Midplane Strain and Curvatures

The mechanical strains associated with plate stretching

and bending can be written as

E C (33)
- -0 -

-0

where the mid-plne strains are

-, XJ

C :z -w, (3L,

yy

-2w,xy



with u and v being the in-plane displacements and w, the trans-

verse displacements. The thermal strains can be written as

tT + z &T (36)

w'ere & is a vector of thermal expansion coefficients
relative to mid-plane strains, T the element mean temp-

erature diference and T the element thermal gradientg
through the plate thickness.

b. Strain Displacement Functions

The connection between strain and displacement is made

realizing that the in-plane and transverse displacements have

been made relative to a set of nodal displacements. Equation

(33) can be written as

= BI , +  so (37)

where B I is the in-plane strain-displacements relative to

(the in-plane nodal displacements);

.3 is the transverse strain-displacements relative to SO

(the natural transverse nodal displacements).

The in-plane Qisplacements SI are

I : (38)

and the 3 becomes

T HT T

7 T T HT
j 2 2 -n

T T  T T
-2 ~n 

-g Hn

12



wher e

T T HT  (40)
n -n -

The out of plane displacements 50 are

S02:(41)

C103

where the sub-elements of the partition are defined by

equation (30) and B 0 becomes

B[E T +FT (2

~ -3 _n ~ -nn

where

0-o -1 01
-3

FL -n -

anci

T a 2 -T (4b)
-nn -n -

Note: In equation (37) the z variable,which is the plate's

normal coordinate, is maintained distinctly since it is

independent of the in-plane variables. Later, when the

strain energy is formed, the z variable will integrate

through the thickness and merge into material property

matrices.

13



PIP-

LAN S COMESNENTS
,he stress components for a thin plate can be written in

vector form as

_ ( - (46)

where s -c he material matrix described in the plate local

axes and is expressed as

RT

R C R (47)

witi C being the material matrix in the principal material

directions of the fibers and R" being the strain trans-

formation matrix from element iocal coordinates zo prin-

cipal fiber directions. The elements of equation (47)

are found in reference 2.

7he elements of the thermal strain involving the thermal coef-

flcients are defined as

a R a (48)
E

Once the matrrial matr:x is defined, the elements of the material

.lasticiy matrix can be defined as in the following section.
.MATERIAT ASTICiTY MATRICES

Tht material coefficients are defined with the use of

equdtion (3) in a slightly different form:

f OT ; dV = VT C dV -fv:T C dV ( 9 )

VV V

Since the local z dimension is small compared to the x and v

plate dimensions, it is convenient to define the stress resul-

tants and moment resultants as

N ft 4 d z (So)

j4



f t o z d z (51)

Then, a new ,tress-strain matrix can be defined as

m B )(2 K

where

A = ft dz (53)

B = C zdz (54)
ft

D f E Z' dz (5:)
t

Letting

FA

[ T RTj

and

£ : Uo (58i

equation (49) can be written as

fV2 dV "A m dA A TT  dA

(59)

i5



where

AT. = C a dz (60)

ft zd
T 2 ft C a zdz (61)

T ft z dz (62)

The material A, B, D matrices and the thermal load coef-

icients AT B and D can be related to laminar material by posi-
- -T -T

tion t in the material build-up as

L
A : . (t -t i-) (63)~ ii i-

L2 2
1/2 (t - t2  (64)i • ~" 1 i-i

D=1/3 L t 3-3 (65)
i= i

LA )1 . 1t - t. (66)

1(1 ( t i-l (66)

1/2 C. 2 (67)

1/3 i (t3 - t3  (68)i=i- 1 18

where the sub-script "i" implies coefficient evaluation at

laminae level "i" and L is the total number of fiber lamina

levels.

6. COORDINATE TRAVSFORMATIONS

The element information is initially determined in the

natural coordinates of the plate since it is quite easy to express

all loading and stiffness information in that reference. Ulti-

mately the informdtion must be transformed to local coordinates

(x,y,z) and also to global coordinates (X,Y,Z). The following

sections describe the transformations.

16



Natoiral to Lo,-l Tri<-ormation

The naturAl c-oordinate variables per node are defined a-

I \

v

.! i - W'r 
(69)

W,
S

where 6 is the rotational degree of freedom normal to

plate at node 'i"

The transformation matrix reciuired becomes

t (70)

where

t ~ 2~2t LD I0 0 (7]

Lu V W U 6 0 J
.A x y z

with

w, I (72)

Noting that the rotation degrees of freedom are definec as

x y

x

17



matrix ccomes

! 
Q - y - x ,

Q i : x ( 7 4 )

s Si

The complete natural to local transformation therefore becomes

n l : n2 I£(75)

b. Local to Global Transformations

The local to global transformation quantities are somewhat

more difficult to obtain since the transformation involves the

local coordinates of a quadrilateral element. Obviously only 3

points define a plane; the fourth point of the quadrilateral is

unnecessary. The fourth point, however, may not lie in the same

plane as the other three points. Therefore local transformations

by node are determined and are averaged to obtain a general

t:,ansormation used in determining the element coordinates and

In transforming element matrices where applicable.

Defining the nodes of Figure I as i, j, k and 1 and allowing

thni sequence to permute, the element normal coordinate at node

"i" which also permutes, is

V..X V
-ji --il (76)

zi I i x V. I

where the "X" symbols denote a cross product of two vectors,

and V.. implies

18



V.. -Y (77)

ziz

,itn X, Y and Z being global coordinates.

A global material reference V m is defined as a global vector

defined as input which locates the general local "x" of all

elements referred to that vector. All material properties -re

defined relative to this x coordinate which becomes the ele-

ment's local x coordinate. The element's local y coordinate

at each node can be calculated as

.XV
Si rn (7)

Zi -m

Finally, the local x coordinate at each node is dezermi:,ed as

zi Xzi (79)
xi Jei X eziJ

The local to global transformation at node "i" becomes

^TD
e

L T
where the direction cosines of each coordiraie are placed

in row order in the transformation matrix.

The average transformation used to determine the local

coordinates is obtained by first averaging the nodal normals as

1 4

e (81)

and substituting into equations (78,79 and 80) to produce an

average t

19



The global degrees of freedom can be defined by node as

(U
V

Sgi 0X (82)

ey

0z i

where U, V and W correspond to global displacements rela-

tive to X, Y and Z respectively and O's corresponds to

global rotations about X, Y and Z respectively.

The complete transformation becomes

!Zgl

19,g2 t93 gg (83)

where

~Zgi (8L4)

and S and g are the complete list of degrees of freedom

per element.

If the quadrilateral element is perfectly flat in its space,

then the t gi becomes exactly t g. If it is not, then the

element space appears as a curved space. This effect should

allow the element to behave as a shallow shell.

c. Natural to Global Transformation

The element stiffness will be transformed from natural to

global coordinates directly. Therefore that transformation

becomes

20



Ln Tng g (85)

where

T = T (86)-ng n g

Since both original transformation matrices are partitioned

diagonally, the nodal transformation matrix is

tngi =nki ~ gi (87)

which contains many off-diagonal zeroes. Therefore it is con-

venient to define transformations by displacement and rotation

degrees of freedom. That is, the displacement transformation

at node i is

Di i (88)

and the rotation transformation at node i is

This modification will save transformation operations later on.

7. ELEMENT STIFFNESS MATRIX

The element stiffness is easily defined in the natural coor-

dinates of the plate, given the strain displacement functions.

Once this stiffness is determined, it can be augmented with a

scaffolding or artificial torsional stiffness for the plate's

normal degrees of freedom. Finally, this stiffness can be

transformed to local and then to global coordinates for assembly

into a master stiffness matrix. The following details the above.

21



a. Plate Element Stiffness in Natural Coordinates

Defining a new set of degrees of freedom as

n= (90)

the strain components, as defined by equation (58) become

B %n (91)

where

Bn J1 (92)

The second integral of equation (59) can be used to define the

element stiffness in local coordinates as

A T E dA n- nn (93)
A

where

S T  Em B dA (94)

A

For convenience of computation, the material matrix E in equa-~m
tion (94) is Cholesky factored as

E = UT U (95)~m -

where U is a upper tri-diagonal factoring matrix.

This allows equation (94) to be written in a more efficient

form as

K ( (U B) T (U B ) dA (96)
n f n - -n

A

which allows the triple matrix product to be replaced by a sim-

pler transpose symmetric product. This process is especially

22



efficient sine the Cholisky factoring is performed (at moot)

oncc Der eLemni. Also, numerical integration is to be per-

formed. Savings will occur at each integration point after

the first.

b. Artificial T'orsional Stiffness

The flat plate theory does not have any mechanism to di-

rectly include twisting of the plate normal to the plate sur-

face. Therefore, if two coplanar elements are assembled at a

coron node, a .inular stiffness exists. To avoid this, an

artificial or scaffolding stiffness is added to the normal

rotational degree of freedom 6 . There is no change in the41 z
system equilibrium. For convenience, this is performed at all

nodes of the element since it would be difficult to determine

coplanar effects _n general. This does change the overall

element equiibrium. I-, the amount of artificial stiffness is

Kept small and the local rotational stiffness effects are in

equilibrium, then the error can be minimized. Defining a vec-

tor of normal rotations at the nodes as

z 2

- (97)

Oz4

the artificial tcn.-iorni stiffness matrix relative to 0 becomes

whe.e [:ym -i (98)

3 at

Lsym 3

where f isan ii-put scaling 1faictor whnich can var,, aL,



0 < f < 1 (99)

and can be set in I.E-8 increments, C is an artificial

coefficient estimated from element bending stiffness

coefficients and element area; i.e.,

C = MIN (D(l,l), D(2,2)) * AREA (100)

with the D's defined in equation (55).

c. Natural Stiffness Matrix

The degrees of freedom q and - defined by equations (90)
-n -z

and (97) can be merged to degrees of freedom gn described in

equation (69). This requires the re-ordering of stiffness coef-

ficients of equations (96) and (98) to produce a natural stiff-

ress matrix:

K MERGING x K] (101)
n REORDERING n

relative to Sn"

d. Global Stiffness Matrix

The global stiffness matrix K is formed by transforming

K from natural coordinates to global using equation (85). The

transformation is formed using equation (1) realizing that the

strain energy U is invariant relative to any coordinatep

reference. Therefore,

1 T 1
U 2 nn qn = K qg K q (102)

Using equation (85) produces

T
K T K . (103)

T ll, tr'itllk- rn t :: i ,, u I i l p , Ir I1, I, l (n) yi: Il i

inefficicnt, Lsp;!ciJLly 5in '' : hi'hIy (doIil]. }: ciency
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cani nowevtr Lbc- -.) - L y par-tiat-iln ir P arnd K 9into 3 X3

sub'-.ratrices laddie:k. I<.n and K- wh~ere a and j ranee fromI

to S. T7her

K)

wi-Lere t. matorix relates to .quatlon (88) when ieci

3, 5, 7 ani re.lates to equation (89) when I* equals

2., 4, -, 3

A--zdional e:~ ~is OtilGwh-en tr.:tro, maclo._x io.c
perrormed s.h-ncte right port-ion matrix rnultaix' I

fco ormed an postioined back into X.'_j Then, thcelft

mnu Ia.py is f o rmed wi't h te re sultn g product and piacec:, intLo

N' NMERICAL lN'l 'A"C 1 F AE 13CTON

The eleme~nL in ine macr--ix of equations (94) and (9b) are

very difficult to rntegrate exactly, therefore aypproximatu

nurer_-cal integ.ratlo. can be perfornmed wit sficient n-cc.-racy

ocr stification. Causs-Legendire Numerical Quadrature 'nas

uceen sel _ected to ;Derform the integration of' tine St4, ness c~ -
fc-ent:as we- 3therf ae functiom -uo.(+ c-r. -e

rw tten ano zrsnormtid relatLive tc a, a~> and limits 07

-~ -- n -rn-n

An el,_men-t or cnn,*. matrix c~in cc writt en ~

I 
1I

where



The stiffness coefficient can then be approximated as

k.i" = n fi" (rk'Sk) Wk W (108)

where n, n2 are the number of Legrendre root evaluation

points in the r,s directions respectively.

rk and s are ihe roots of the Legrendre polynomial,

Wk and W are the appropriate Gauss weighting factors.

For

1 !

n = 2, rk sk --T3 (09

Wk  = 1, 1

For

n 3, rk k , 0, - (110)

- 5 8 5
k 9 , 9, 9

9. ELEMENT MASS MATRIX

A consistent mass matrix relative to the in-plane variables

in one coordinate can be written as

U f p t H HT dA (111)

and a corresponding lumped mass matrix can be formed by summing

the rows of the consistent mass matrix as

M : t f HT dA (112)
A

assuming t and p constant and realizing

SH. 1i.
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'u~ u~ncner~tmire appliedJ to the translatory i-re.

:rec~~~ n ii ~oA i"rE :10115, per nodtz. A rotary inertia

: c cin t-c inciuloec by an app),-roximation;-

-2

30n. L'122 &ns mass veccor can '-e formerd:

(ml 
1

M -,-2

"-'e eemet -oadveczor, are establis,-eC. :ror. ele.Eenz 7cro-

erties sucn aS -material~ constants, temperat*ures, rsoeia ,

area ano accelerat'an constants. The following sEoct_ ons C~s-

Sth e loaC. vectLors deve lope,,.

7ne tr: n rrlof equation (59) c-in Lt2 t.s.:I

tohe t-..ement loro. c~d vector using eutu 9)

{tO dA q f0,d1.
?hern f rT

97 A



o ET~t 17

2dglobal thermal vector can be deterMineu by applyinj the

r.atural Lc ricwtransformation,

g -ng -n

b. Presac ld Vector

The pressire loan,, by node, is tLormed ror th,. shacz'e te:ros-

-scaed only wiTh the geometry and is appli'ec in thte z (plIate

normnai) direction. Therefore,

XJpH dA.1

M pres sure loadi vecTor can be formed rel-at.i've to local or-

0

F ZI (120)

i'e gbal pressure 1au. can be formed as

T P (121)
-g' Zg -l2

,vhlc . transforms the normaltato it ~oal tractlo..

C.Constant Accelieration Load Vector

nhe accolerationn vecter can be compoT)(teu-- trom the miacc.71 so

jefined in equation (114); i.e.,

T( a?
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- ~~'~n't !1 o omi aare Saved on a seco.,!,r srae Glevl

cc vCO Cry oi Tedisplaccementcs are computec.



S E CTIO N 1 11

XCOD1*.IkJAITO'NS TO SAP IV CoyPUTL'R ;-RCAORAX

he A~-TV x ;uxierprogram mccl:ici I-,) acc2ept the n-~-,:

ocn PC, ,I, c~nnt. The Following sections describe changes to

tn~cx~I~o :~u~v.as well as new routintes a the composite

heMain ondn-7e, to the SAP IV program. occi-ir in tne elemtrr.

-- i~ contzro. They occur in the clIement gener-iion porti:or.

04the pro-raii........ares 2 and 3 depict the Mn±o otnsUV

-Y SAP tosciam static analysis of its elements. lh
e cllsa nSA outne alld PATE, which is Usec t, c-

(VLJ~ ().(sciress recovery) Once OVERLAY (8) is calle,

saJ s made tc. 'PLA'TE, the main routine of the composite late

01:t elementE. 'ia,-res 4, 5, 6, and 7 describe the flow of

icult~nes used by CLATE.



DESCR T PT\

input titlk: 3rnn Master 0-ontrol cdrd

Input nodes
b .. Write 8 ID, X, Y, Z,

Call elemcni- type (new composite

platE element called here)
WRITE 1 Element stress mfarricet,

for recovery

WRITE 2 Element stiffness matrices,
XLIE mass and load vector.,_

Input Concentrated ioads/ma::se
WRITE 3 ConcentrcirLd ioads,/

masses for assembly

READ 2 Read stiflness o , ernbv
WRITE 4 Assembled F1-fness and

SLoads in blocks
WRITE 9 Assembled Mass Vector

Call appropriate solution tyle
0 Static

Nodal Extraction
2 Force Response Analysis
3 Response Spectrum Analysl';
4 Direct Integration

F1CLIR' 2 BASIC PROlCMY. , I0W



'tat ac >ou:ct

?Qutiofl o: u~pa~nn ~a ti on
READ 4i Read Ji- -' ,ness arx. c-cL

,r Uacornjwosition
W F T 2 Solve I-or displaceme:-A.

READ 8 xead ID iLdentification

-1'41~D 5READ 2 lcot isplacements

Print a'sp-, actzmcnts

S£READ 1 Elemc-rit Ltr,-ss rnaur~ces

--"T PLYE~ Stress icc overy and -printing

S' :17 SO0LUTIP7 AND REOEYSTAC-E



.'I TS DESCRIP?"ON

L J Composi-e Plate~ routrine

11nut madterial Properties in
K ." i\ Y tables

IPut g lobil Mter,-*al Vector,>

Input "loau(- factors TLO a
.AQIQRunctioni of' thermal, 'pressure

and conisc-ant ,cceleration

6 ~Input element cJefinition

Korm ABD matrices and calcu-
late! o- thermal Stress vector.

__j ModifyF U 7-

2ei~rrnin lza 'ocl bal tran s-
formation and loca.,lee-
CcOrdinateS.

QRON -form:s vector crotss product
:7 SRANS -special transoose

used to transform FiclIel to
local coordinates

Set element Kn, B ,A, mtie

to, zero. _

FLOW DIAUR:\AM FOR CL' A",-
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-"tl L Lr ix dc, (1 11e iri ni oobai tfr7,
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., K.. U.DFR UNIFORMLY DISTRIBUTED LATERAL LOAD
Ai.1 ALI. LDGES KIlMPLY-SUPPORTED

(1) S'ze f pdazu-

10;< b 10" t = .2"I

(-) r'. 2/2r:ir 5 c, plate:

S .0275 /in
iL 30 x 106 psi

(3) Loading cDnc- -ion:

p (x,y) p 1

Boundary conditions:

x 0, a, w =0 M x 0
xw FIGURE 9

,, 2 0, b. w = 0 M : 0

5)eoflaction it center, W

C 2 .184-7 x i0-2 po /b.(C) exact

(W,, ) = .13351 x 10 - 2 po i/ib
c sap.
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11, /0.-i90] UNDER UNIFORMLY DISTRIBUTED LATERAL LOAD

WITH ALL E&hES SIMPLY-SUPPORTED

L) .ize of laminited plate;

a i0" b 1 10" t z 4h = .2"

(2) operties of plate:

.3
.0275 b/in
1 .1) 2 0j10

~ L. 3' x 0 lb/in

02 .6 x 10 l b iI

() Lo±din condition: t
p(x,y): -/

ir) ur~da conditions:

FIGURE 10

V 0 , b:, w 0 M 0
y

5) Deflection at center, W ; c .3
' exact= 62.38 x 10- 4 Po in /ib

(w xact = 62.38 x in3

C sap. Po62.3 x /lb
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4. [0 2/902 1t UNDER UNIFORMLY DISTRIBUTED LATERAL LOAD
WITH ALL EDGES SIMPLY-SUPPORTED

(.) Size of laminated plate:

a = 10" b = 10" t = 4h = .2"

(2) Properties of plate:

p= .0275 b/in
3

A .2 3.3 0x 1 in0 0 .2

B~ : 0 -15 x i

S .67 0_ 3
.67 11 x 10 lb-in

(3) Loading condition: FIGURE 11

p(x,y) p0

(4) Boundary conditions:

x 0, a; w 0 M X 0 v 0 N X 0x x

y = 0, b; w 0 M y 0 u 0 N y 0
y Y

(5) Deflection at center, Wc;

(Wc) exact : 114.4 x 10- 4 PO in3/lb.x l0in 3

(Wc) sap. = 113.6 x 10- 4 Po i/lb.
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O. [9/0]t UNDER IN-PLANE LOAD WITH TWO EDGES PERPENDICULAR
TC THE DIRECTION OF LOAD FREE AND OTHER TWO EDGES SIMPLY-
SUPPORTED

(1) ,izc o" ' i, ated plate: b
2 10 b 10" t 2-h 2 i-

U) iopertle_ o.' Plate:7
P = .2075 lb/in3

=' [.65 .1 01
A *.1 1.65 x 106 lb/in

.37 0 0
B = -3.37 x 104 lb

L0 0

F3.8 .83 01 2
D = .83 13.8 0 x 10 ib-In

[0 0 .83J

(3) Loading conditions: FIGURE 12

(4) Boundary conditions:

x: 0; u 0

x a ; u 0

(5) Curvaturu dt x-direction, Kx

(K )ex t 2 -. 3050 x

(K ) s -. 3057ox sap. x



L.0/90]t UNDER i'REE VIBRATION WITH ALL EDGES SIMPLY-SUPPORTED

(I) Size of laminated plate:
I = 0" 1) - i3" L = 2h = .2" 1

(2) Properties of plate:

p .0275 lb/in 3

Az :1 1.65 x 106 lb/in

3 L 0 . 4

B : 0 -3.37 x 10 lb

D= .83 108 i Ib-ir FIGURE 13
.8 3~ 0 0 .831

(3) Loading condition:

free vibration

(4) Boundary conditions:

=0, a; 6w = O, 6Mx =0, 6V=O, 6N =

y = 0, b; 6w 0, 6My = 0, 6u = 0, 6N 0

(5) requency:

(f) = 8.990 Hz.

(f) s 8.87 liz.
sap.
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7. [90/09/90] CURVED PLATE UNDER UNIFORM PRESSURE WITH ALL
LDGLS SI MPLY-SU PORTED

2) Si ze2 oI 1,mindtcd curved plate:

10" b = 10.09" t = 4h = .2"1 0" R = 22.23" I

(2) Proporties of plate:

.0275 lb/in
3

j~~ .2 01

A [.2 3.3 0 x 10 lb/in
Lo 0 .21

.6 7. 75 n
0 06 .670j 0 b i

(2 Loading condition:

7X,y) = p

(4) Boundary conditions:

x 0, a- w : 0, M 0, v 0, N 0 FIGURE 14
x x

0, b; w 0, My 0, u 0, N y 0y Y

(5) Delection at (enter We;

) tcxact 2!.04 x 10-" n3 /lb.
4 3( 23.68 x 10 p in /lb.

Lin



S. bl-METALLIC STTIF UNDER UNIFORM HEATING WITH ALL
DESSIMPLY-SUPPORTED

() Size of the bc2am:

a = 10 b = 10" t =.2"1a

(2) Properties of the beam: __ in-4
3 _______

.0275 lb/in3

Esteel =30 x 10 6osu

EsiL 10 x 10 6 psi ,2

-6 o -

Qsl 10.5 x 106 o-

(3) L-odding condition: / f 14

i~;=1000?,

q) Boundary conditions:FIUE1

y C; V 0, IM 0 1

(S) Curvature at x-direction, K X;

(ilx eXd~t
(K ) .~p. 01365

it rl



J. NATU<AL FREQUENCY OF A TYPICAL BLADE CONFIGURATION

(i) Type of Blade: (Figure 16)

A typicDl blade used in aircraft engines, named J79 B/AL,

a approximated using 64 quadrilateral plate elements in SAP4A

(both TYPE 6 and TYPE 9). An equivalent NASTRAN model was also

run along with an experimental test to determine fundamental

frequency at zero frequence (results from AFSC - Wright-Patterson

AF B).

(2) iProperties of blade:

>aterial used corresponded to the input used in the NASTRAN

"un using anisotropic material properties.

Leading edge:

- = .000407 lb sec 2 /in
'<x = 26.9E8 lb/in 2  Cxy = 4.6E7 lb/in2

,'yy = 20.3E8 lb/in 2  Gxy = 7.3E7 lb/in 2

- .000251 lb sec 2/in
same material coefficients as above.

(M) Loading Condition:

Mass and Stiffness distributions for eigensolution.

(4) boundary Conditions:

Base of blade completely fixed and rest of blade free.

(,) Natural 1-requunc,,- o. Blade: (Fiest FLEX)

(f)exp = 110 Hz.
(I )Na t ,n Z .7 Fi,-.
(f)sap (7() 'I08.3 Hz.
(f)sap (T ) L12.8 Hz.

C,



1 10 9 12

33 14 lb 16

17 to 19 20
Is I s 18

221 22 23 2

21 2 221 23"

23 30 3229 3

33 A 3 .36

y 8

42 I 2 '43 443

~I

45 46 47 li8

49 50 51 52

5i3 54 5ss5

5859 60

FI(,U. 16 TYPICAL BLADE CONFIGURATION
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SECTION V

DISCUSSION AND CONCLUSIONS

i uddrilaterai composite platc finite element has been

sidea to thie SAP IV computer program library to be used on plate

t'.'pe strnuotu1e6. The element is a :our-noded sub-parametric i
:1at Dlate element excluding transverse shear deformations. The

lement is "incompatible" relative to mid-plane surface rota-

zvons along the inter-element boundaries. The element converges

reitively well despite the incompatibility, as long as the

elemen-z maintains a relatively rectangular shape with a reasonable

element aspect ratio.

The element was run, modelling various simple plate/beam

cOnfigurations and showed excellent results. More complex models

were designed to test the composite laminate behavior of the

_lement, as described in section IV. The models included flat,

cylindrical and doubly-curved shells. The results obtained

compared favorably with classical series solutions. (approximately

1-6% disagreement) The results obtained in section 4.9 for the

typical blade configuration shows that the NASTRAN and SAP

(TYPE 6) element values were slightly lower than the experimental

number while the result of the new element (TYPE 9) was sligntly

higher. The new element is based on an incompatible formulation

dni in general, cohvergence is not guaranteed. But, in more

C:ases, the clement has been found to be -lightly stiffer than

compatible elements And therefore the frequency is higher.

The cjuadrilaw rscr element will be inherently stiff if the

1our" points do not re.,resent a flat surface. Therefore the "quad"

element was relaxed to better represent shell behavior by allowing

the flat plate elemUIt stiffness coefficients to be transformed

rejative to the local nodal coordinates o: the element.

The thin plate theory used to develop the element do,-s r,ol

account lor normal torsional t[Aects. Therelore , non globAl

acacunt elements, when assembled, will produce a bingularitv

2I



ncrr.Ia t,-- the -,Plat2 if the two elements are coplanar. To a voi
tis s inguiuri-Ly Jin general, an ar-tificial torsional stiffness

:r cafrolding matrix was added to each of the four nodes.

;,L does viol,-te element equilibrium but, if the magnitude of

z;-:oeicnt are maintained relatively "soft" compared to

-1.:-late bending characteristics, overall equilibrium is closely

n ta i!se1.

11( cornnos ite P)late element can be used in the existing

E L t a d dyvn.ami i(,c nalyses contained within the SAP TV 1prordr.

De us ed w-ith all the exist ing element s in the fini-*te c, 1e-

.,tlibrary las- long as the model effects are correct.

.ne element was- not being developed to degenerate to

:rlr~ularplate element. If the element is used as triadngu lar,

.r rci rec 6 to tff. If the fourth of the quadri-_

7;zeral nodes is p-laced mid-plane on a triangular side, a better

,a -prox imat i(,.nr be obtained.

I1h( ccomposltt-, ciecment presently does not contain geometr-ic

n neef~cts uch as those required in high s pecd centri-

uii, iidc rinry.

Urther wrK ri l be done to include th._ geometric:t-
CI i ccount or cent r ipel a] cebl

DCt 1 -,p~ ri ,)_i ade s3ystili.; . T1h if pogomk-trnc mat rix

i sent '~riid ~I ow a etterapproximation of blade Pn n

L e ad ,]closer reopresentation of blade natural frequunclie:

AIt highsin

A po- coc a crprogram shoul1( be dcvcloped to hans .. c rn Ic

'nat1-a]i rinat'es 'Is a function ol blade posi tion. T'h i - T

ormwould compute t Ile A, B and D matrices, and thermal vjtr
needed ir1 the ',AP program and produce a sra&fji lo for tc

recovery. T'his- program shouild also plot ill in fonrmit ion li:r

1;n;ut check ic



.*... t~~r'~>il hould ,,e written to retricve stress in-

A 1:,ri anld ~rj~:1LIntormation, by lamina, to be used with

1, . tion outp'x.t AFIC curvatures at the mid-plane surfaces to

lA~ ncuvik':ua1 II;TminL stress to be used in failure criteria.

5 4
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LX A ILPT TO E' 12LNT TYPE 9 1'. "A: Lol

'I t.- ', C -,t o thc2 IVA pi-opamf icL; r'

*c r.1 c. n t. ,) ir iP 9 deflneO :n ,A' i A

'Thi - iuIJ iDe appendedl to r'efercnc: 1.I
'., , infila1r to element 'lYF1 6. i eC

*ro,.place TYPE FV. The formit a:) t.

t i n i~s cn s c n t with the SAP IV iV;u ~a r-

1 ~ 2 mu::: b.Ier 1e right iuatifi-ed ano float -n7 n

',1~*e,- shooK,- ::nlude i decimal.



S "'LATE INPUT TO SAP4A

TYPE 9 Composile P'late Element (QUADRILATERAL)

e CoIumLs Variable Remark

Control Cara (615, 110)

5 NPAR(1) Number 9
6-10 NPAR(2) Number of Plate Elements

!i-15 NPAR(3) Number of different materials

(1) 16-20 NPAR(4) Material Type Key
=0 Composite Material Prop.
=1 Standard Anisotropic prop-

erties (same as TYPE 6)
C) 21-25 NPAR(5) Number of Global MaterLal Vectors

If zero or blank then global X
direction is a ;sumed to be
material x axis.

26-30 NPAR(6) Integration Order (default bet
to 2)

(3) 31-40 NPAR(7) Rotation Stiffness Factor
(integer number)

b. Yaterial Property Information

Two types of material can e
input to element type 9: general
composite material and aniso-
tropic material.

D.L Cumpositu Material Properties (NPAR(4).EQ.0)

Five cards must be input for
every different material. (NPAR(3))

Card 1: (110, 20X, 4F10.O)

_-10 NN Material identification number
11-30 Blank
31-40 DEN Mass density
41-50 AT(l)
51-60 AT(2) AT thermal vector components
61-70 AT(3) (equation 66)

Card 2: (6F10.0)

1-10 BT(l)
II-20 BT(2)
21-30 BT(M) B_ thermal vector component:.
31-40 DT(l) (equati :ion 67)
41-50 DT(2) D T_ thermal vector components
51-60 DT(3) (equation 68)

58



7.1" 3: (6FlO.0 )

I ( A(1, )
L1-,0 A(1,2) A Matrix coefficients (upper
21-30 A(I,3) ~triangular) (equation 63)
31- 0 A(2,2)
4i-50 A(2,3)
51-60 A(3,3)

Card 4: (6F10.0)

i-!0 B(ll)
11-20 B(1,2) B Matrix coefficients (upper
21-30 B( ,3) triangular) (equation 64)
31-40 B(2,2)
41-50 B(2,3)
51-60 B(3,3)

Card 5: (6FI0.O)

1-10 D(1,1)
11-20 D(1,2) D Matrix coefficients (upper
21-30 D(1,3) triangular) (equation 65)
31-40 D(2,2)
41-50 D(2,3)
51-60 D(3,3)

3.2 Anisotropic Material Properties (NPAR(4).EQ.l)

(4) Two cards must be input for every
different material (NPAR(3))

Card 1: (I10, 20X, 4F10.0)

I-10 NN Material identification number
11-30 Blank
31-40 DEN Mass density
41-50 AX Thermal expansion coefficient ax
51-60 AY Thermal expansion coefficient ay
61-70 AXY Thermal expansion coefficient axy

Card 2: (6F10.0)

1-10 CXX Elasticity element Cxx
11-23 CXY Elasticity element Cxy
21-30 CXS Elasticity element Cxs
31-40 CYY Elasticity element Cyy
41-50 CYS Elasticity element Cys
51-60 GXY Elasticity element Gxy
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C. i1oodi Material Vectors (25, 5X, 3F10.0)

NPAR(5) material vectors must be input (except if
zero or blank)

i-S NV Material vector identification
number

6-1C Blank
11-20 DX X direction cosine
21-30 DY Y direction cosine
31-40 DZ Z direction cosine

D. Element Load Multipliers (5 cards)

Card 1: (4FI0.0)

1-i0 PA Distributed lateral load multi-
Dlier for load case A

11-20 ? B isributed lateral load multi-
er for load case B

-0 PC Tsrribured lateral load multi-
:ier for load case C

31-< YD D. itributed lateral load multi-
p ier for load case D

Card 2: (4F10.0)

1-i0 TA Temperature multiplier for load
case A

11-20 TB Temperature multiplier for load
case B

21-30 TC Temperature multiplier for load
case C

31-40 TD Temperature multiplier for load
case D

Card 3: (4F10.0)

1-10 XA X-direction icceleration for
load case A

11-20 XB X-direction acceleration for
load case B

21-30 XC X-direction acceleration for
load case C

31-40 XD X-direction acceleration for
load case D
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1-i "0'A Y -ciir,-c Ion iccei,-rat ion.'.
load ca,;t A

1- 2 0 Yi Y-c,.rectior.- accetlIk:r a io n o

2 1-3 0 y 1 e- C t Ic(-:-I CAC Ci c ct~r. :

C~4 C~
Y-100 -i r c cl t o,. i cctlicrat,.on or

o,,ja case D

11 A '!-direction acceleration 'C
load case A

26 Z -ire ct ion acct2 eerat ion r,~
load ca-se B

2i-30 71C 7-direc tion acceleration :0
!CoLd case C

YD 1,-direction ac celeIa ti4on fo r
load case D

!: EemenLt Caros (215, 12, 13, 12, 13, 15, LOFlO.0)

On(- card 'or each NY'AiR( element.

1-5 NN Element number
()6-10 T Node I

11 J Node JT
Ki N " 'oeJOj

21-5 No de 1,
26 -27 N1 No. o0I C3i1:,. inte-grat ion C

('87) V33 iv M t er ial1 ve ctvor i d t2n t if I c aT
number

~ ) 1-3 IB7SLPrevious Element r'e-use coce,
70 new element
=1 use previous_- element

(9) M33 I-iMterial identif icatiocnusti
(1) 36-40 TNCL Element generatio:7n pararnetr
(11) 01-50 TH E'lement thicknes,;
(12) 51-60 PR ilement lateral pressu*.
(13) 61-70 TO Mean temperature varicition- ' !,,-,

the rkeference level :In unct_-
ormed )os-it'ion.

71-80 TC. Mean tempe-riture2 ),radicrit 1crcns:
th lie A ' 1 1 kn

N ,t

(1) ;lcrri t 'j'Ylj, 's 1l1ow,; two t!'r it e 0 n 'it

irst f)rm L. i or laminate itrcC whil1 t ho e(,ond1 I,. !,
dni sotroj) iO matric.es. The Later Inr'm 1!IA('r,ti l "a tCIe
men t TYPE; 6 jin)u t.

Lo



(2) Arrriip1 i xi,: mus t 1w definle(d re 1,1t ive t o thle
iater' il ) 1 )ptIjt i e!; f oimed i tI te A, H a Ind 1) ma, t I, re

(3) P t -1t jIna I ;ti i I tIe'ssI "ac tOr'I set b)y v mut ipiv ingp N FA R(
trInles 1 . :-8. Dief a ulIt f or NI A k('7 ) is - 100.

(I) Mi turialI i nput in this sect. ion is ideritical to that of
element TYPE F.

5) Th1 I ,TJ , K and 1, indices deI 1 re tire elemeint connect ivity
ifd ii so thle ci cinen t normal .Tlie e lemnt "z" coordirrate
i ; ormed by the r'1 ght hand I' l a s T igoon to J goes to K,
k- t C . The (21emer t local Ii :; de toermirdb h r (

t on o c t he iIub~at matori i i axi a onrto thie cl ement . Oncee
t hc x-axirs Ls determined , tire local y is, f o'med from z
Atnd x . All stress outprit i:a i n tfiis. velcve'nco. T f node 1,

nI K or)I se no or letf t I i nrk , tire program will1 as sume
thait thle (21 cmt:c n t 1 ; tri ai ,ii Ir .I The res -ulIt inp. l ocal1 st i f f -

Tieci _ is t, hel " too s;t i ffI".

)Tihe irumber, of fruss; integra t i on po fit,, canI vary is 2 or 3.
1I a v~ rlue is a't above or', be low those niunrber:; ,the prop i'am

a Iir s ti t o2. The dti uirIt Vailue i: a set N PAR (6

(7) '1r 1 obrI nai triajl voctor must be preat ci'r thain or' eqtai~i
t o I inti le!;.; than or'- etiuril tk NIARS). JIt NPAR(5 i blaink
,)I' :St'o, then NI'AR(5S) is - ;Jt t 'pla to I aIrrd tire global vec-
tor i:; tl ipgired along ' tile i 'b1il X axis;. Flelarnt Value isa
IctI to( I.

(8) i iri olmt-nt liri:; tile sane lrir w',aln orient-it ioll inl
spre nrri tir' ;rrmw eit'rt IsrtIin) pjfl,', Icrrtt'r:; -sthe p're-

V 01 i'e1,their Set t rh' I 1vIJ!';i C(1rri I to 0 wI I I use t- t ie
arme p1ki otrI ci ment at r ft 110<: irrd l oa d vectors fc)r- ase miI v
Deofaulit is. set to 0i.

(') T1ire maIttj-riI I I D I nim b er m us it bc)e t w.-en I and ( NVPA ( 3). r-
I uIt i!;s set to I1

i) I emt:IrI t (1w ie ra t-( ti Pa rrIilc tt' : cur I tr 'i iI must he inl
'.1 tjnltr rirnibir ;t lunt:. I! ci ertirint i'' are omit tc~d ,~

ii~~rt i ll i i,( 'nc'r,rte thct mr a, Hip i:it; ra I i itwa.

'Ii ' rin r't'rnr t ()r' t Ill' c I ruti t irin r ir

. 0 '. N 111 Nl + I

r r- ' 1, 1Il ,i 1 w r '1, l t I t II 1



i. e =i.• INCL

J = J. + iNCL

K. + INCL
K +i KINC

L i+ I  L. + INCL

if INCL is left blank then INCL is set to 1. Material
identification, element thickness, distributed lateral
load, temperature and temperature gradient for the element
are then the same as for the first element in the generatec
group. The last element card must be input to exit element
group properly.

(11) The plate thickness is used mainly to compute the mass of
the element. Default is set to 1.0.

(12) The pressure is normal to the surface of the element. The
positive direction for the pressure loading vector is in
the positive direction of the local z coordinate.

(13) The temperature required is the mean temperature difference
(TO) from the reference temperature of the element in a
undeformed state. The TG is the mean thermal gradient
through the element thickness.

1) 3



A'i'ENDIX i I NPUT TO F'RE-PKOCI.'ssOR PRO(;i A1M" LAYUP

A 1,oe-proc& >;r projgram we, . devtloped co calculate the

Imt r a de nc e u i r;6 og a.

atcilLn iTa un. by layer ainput i-, im rnria posl ia

tc no~a T or-, Yn, pre-processor hc computes the C

ce> novI.h tensor transformation and constructs ri~j

elemen- materia, T-Itrix E reliitive to the maid-plane of the

it,- Similar thermal ve-ctorta are-- also computed and outpu,,t.

di nformat-'.nr then used directly for SAP)4A - YPIE 9.

E"LUW.1G PAA ~~~P



INPUT TO PROGRAM LAYUP

Number of Cases Card (12)

___, Columns Variable Remark

(1) 1-2 NCASES Enter the total number of
laminate configurations to be
considered.

Heading or, Title Card (8A10)

(2) 1-80 ITITLE Enter the title information to

be printed with the output.

C. Laminate Data Card (415)

(3) i-z NLAM Enter the number of laminae in

the laminate.
(U) u-i6 NMAT Enter the number of different

materials in the laminate.
i1-i ITRAN If ITRAN is zero or blank the

transformed thermal properties
of each lamina will not be part

of the output.
16-20 IORD If IORD is left blank the lami-

nate ordinates will not be output.

: X. -iteria1 Property Card (6F10.3)

5) I-i0 Ell(K) Enter lamina modulus in fiber
direct "on
n22(K) Enter -amin , modulus, in direction

trnsvr-;u Lo) fibers.
0 Nl(K) nter major Poi<son's ratilo.

2-40 r',2(K) Enter iamir. :hear mouois.
i-5ERMI(K) Enter C.T.: . :n .iber, direction.

.i-60 THERM2(K) Enter C.T. E. in ; iansver , e
direction.

L. Lumindi Data Ct d (j-10.3, I10, F10.3)

th
I- T(J) Enter thicknessL of th<, - lamins.

11-2 0 MATL(J) Enter the number thatt dentifies
the materia. of the idinath

21-30 PJI(J) Enter the orientation o-f the T
lamina with respect to the
laminate jxc:;,.

bI



Notes:

(1) There are no program restrictions on the number of cases

that may be analyzed in a single run.

(2) Begin each new data case with a heading card.

(3) The program is currently capable of handling up to 48 lami-
nae per layup. This can be increased by changing the
appropriate dimension statements as shown in the program
listing.

(4) Although no limitation on the number of different materials
need be imposed, the program dimension statements currently
allow for a maximum of NMAT = 4. However, this can also be
increased if necessary.

(5) This material data is vendor information. One card is
required for each material (i.e., K = 1, NMAT).

(6) One card is required, per layer, in the laminate. (i.e.,
J 1, NLM).
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APPENDIX C - COMPUTER RUN - INPUT AND OUTPUT

This appendix contlins the complute input and resulting

output of the SAP4A program using the new composite platt -i,-

ment (TYPE 9). The example is the model contained in zection

4.7 (Curved Plate under Uniform Pressure). The first s~ctn

contains a listing of the card images used to execute the Pr.,-

gram. The second section is the complete output resulting

from this input.

f tLCLiGiO PALANK O-k4T FI 4"A
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